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The electromagnetic (EM) method has been used for a
wide variety of applied geophysical problems, beginning
perhaps and achieving widest usage in mining exploration. A
considerable number of techniques for both airborne and
ground exploration have been developed and utilized in the
search for conductive (sulfide) mineral deposits (Ward,
1967). Some of these techniques and methodologies have
also been adapted to groundwater exploration, and more
recently to geothermal, uranium, and fossil fuel exploration.
Since the introduction of the magnetotelluric (MT) technique
in the 1950s and the large moment, controlled-source EM
techniques in the 1970s, the EM method has been used
increasingly for basic crustal investigations to depths of 10
km or more. such as in deep sedimentary basins. orogenic
zones, and at active plate margins.

An important applied problem studied at LBL is the use of
EM techniques for geothermal reservoir exploration and
delineation. We used both controlled-source EM and MT
techniques at a number of hydrothermal-geothermal pros-
pects and reservoirs in Nevada (Wilt et al, 1982). Through
this research we were able to develop and demonstrate a
number of techniques that provide high quality field data.
The problem remains of how to interpret these data where
complex geélogic structures exist, and simple 1-D (layered
earth) inversions cannot be safely applied. For these prob-
lems we rely on either numerical solutions or laboratory
measurements made on carefully constructed scale models.
Only a limited number of tank model results are available
because of the difficulty of constructing models with the
appropriate conductivities and geometries for each area
investigated. Numerical solutions exist and are amenable to
simple 2-D and 3-D models. The problem with many numeri-
cal techniques is the trade-off between accuracy and compu-
tation costs. Therefore, we addressed the problem of devel-
oping faster numerical algorithms for EM interpretation
without sacrificing accuracy.

Geologic models in which electric parameters are invari-
ant with strike constitute an important class of targets for
EM exploration. A numerical solution for this class of
models was obtained using the finite element method (Lee.
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1978). In this technique the entire model! is represented by a
mesh composed of volume elements, each of which is
assumed to have constant electrical properties. Mainly due
to the large number of elements. computing costs are usually
prohibitive. Another disadvantage of the technique is the
lack of accuracy in the numerical solution for models in
which the discontinuity of lateral conductivity distribution is
located close to the surface of the earth.

To overcome these limitations we developed a new,
efficient numerical solution based on the hybrid technique
(Lee et al, 1981), a technique that makes use of both the
finite element and integral equation techniques. The finite
element method ts used for the solution internal to an
anomalous conductivity structure embedded in a layered
earth and the integral equation is used for the external layer-
boundary value problem. The solution otained in this man-
ner tends to be more accurate than the one obtained by the
finite element method alone. The major improvement with
this technique is in the computing speed; often an order of
magnitude faster than the finite element solution.

Formulation of numerical integral equations

If a 2-D (infinite strike length) conductor exists in the
lower half-space of an otherwise layered earth (Figure 1),
one may approximate the electromagnetic variational inte-
gral as the sum (Lee, 1978)

N
HE) = % I {E(n)}. n
i=1

where n; is the ith discrete wavenumber in the strike
direction, and
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In equation (2), E is the electric field, & is the wavenumber

K = o — jow,
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Fia. 1. A conductor (V) buried in the lower half-space of a
layered earth. Current and magnetic sources are outside
the conductor whose surface is V. S is the cross-
section of V if it is two-dimensional.

and L is the half-strike length of the conductor characterizing
the periodicity of the 2-D structure. Using the finite element
method (Zienkiewicz, 1977) equation (2) may be evaluated as

I{E(n)} = E'KE.

Following the variational principle, this reduces to a set of
simultaneous equations

KE =0,

which in turn may be partitioned into

Ki Ky \[Ei -0
Ky Ky J\Ep '

the upper portion of which suggests

E = ‘Kn‘"l Kip Ey. 3)

Here the subscripts { and b indicate “‘internal’’ and **bound-
ary”’, respectively.

The field equations on the surface °V can also be derived
independently from the finite element equation. The result is
an integro-differential equation governing the tangential elec-
tric field and the rotation of the electric fields as » approach-
es the surface *V:

QUNE(r) — Er) = J {GH(rir') - nxH(r')

av

— GEM(rir'y - nxE(r )} ds,  (4)

where Q(r) is the normalized angle at r subtended by the
volume to be integrated in that vicinity, and subscript p
refers to the incident electric field at r that would exist in the
absence of the inhomogeneity. G=(r/r') and GE™(r/r') are
tensor electric Green’s functions due to electric and magnet-
ic current sources at #'. For a 2-D earth, Fourier transform of
equation (4) in the strike direction for discrete harmonics »;
yields

Up)E(p, m) — Exlp, m) = f {GH(pip', m) - nxH(p', n)
{
= G*Mplp', ) - nxElp', mdb dl, (9

where p and p' are position vectors defined on the 2-D cross-
section §.

The hybrid technique is initiated by transforming equation
(5) into a numerical integral equation by rewriting the
tangential magnetic field in terms of the tangential electric
field by making use of numerical relation given by equation
(3) and Maxwell's equation VxE = —jwueH. The magnetic
field extenal to the conductor may be computed by taking
curl of equation (5), where Q{p) becomes unity.

H(p, m) = Hy(p, m) + j {G*(plp', m) - nxH(p', m)
! ®)
- G"™plp', 1) - mxEXp', )} dl.

After obtaining these solutions at p for a number of harmon-
ics (n;, i = 1, N, typically N = 15), inverse Fourier transform
is carried out to yield solutions at r in the spatial domain.
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Fig. 2. A coaxial transmitter-receiver pair separated by 12
m is flown 20 m above the surface of the earth in which
a vertical tabular conductor is embedded (top). The
responses in ppm for H, are plotted for 30 Hz (middle)
and 263 Hz (bottomn).
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Numerical example

The algorithm was coded on the CDC 7600 computer, and
the code tested against a simple model for which we have
tank model results. The model is a vertical slab of resistivity
2.63 Q-m, 12 m wide and 60 m long in the vertical extent. The
slab is buried 10 m below the surface of the earth of 100 (}-m
resistivity. A vertical transmitter-receiver pair separated by
12 m is flown 20 m above the surface of the earth. The
magnetic field computed at the receiver (H,) is plotted at
array center in ppm (Figure 2). The numerical solution is
compared with tank model results obtained at the Richmond
field station, University of California. At the same time a
modified version of finite element solution is also plotted.
The straightforward finite element method produces an
electric field everywhere. Instead of taking the numerical
derivatives of the electric field, we obtain a better result for
the magnetic field by integrating the scattering current
multiplied by the Green’s function over the conductor. This
is called the finite element-Green’s function solution. Nu-
merical results show good agreement for the 30 Hz response
with the tank model result. With the frequency increased to
263 Hz, both numerical solutions show smaller peak anoma-
lies than the tank model results. For the in-phase component
in particular, the hybrid solution differs by 100 percent from
the tank model resuit, and the finite element-Green'’s func-
tion solution becomes somewhat unstable.
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Electrical Resistivity of the Pleistocene M1.2
Surficial Deposits in the Abitibi Clay Belt of
Northern Ontario

J. D. Redman, O. M. llkisik, and D. W. Strangway,
University of Toronto, Canada

The conductive clays of the Abitibi clay belt of northern
Ontario are a serious impediment to the application of
electromagnetic techniques in the further exploration of an
economically important mining region. For the purpose of
obtaining a better understanding of the electrical properties
of these surficial deposits, we made resistivity measure-
ments of the different overburden components. These mea-
surements were carried out both in situ, and in the labora-
tory. The purpose of these measurements was to
characterize the “‘typical ™ resistivities and frequency depen-

dence of the resistivity, for the overburden components (i.e.,
clay, silt, sand, and till). Typical resistivities at 50 Hz for the
different soil classes are: clay, 20 Q-m; silty clay, 50 {-m;
loam, 90 Q-m; sand, 4000 Q. The phase and magnitude of the
complex resistivity measured in the range .01 Hz to | MHz
showed in general only a small frequency dependence.

Introduction

The conductive clays of the Abitibi clay belt of northern
Ontario are a serious impediment to the application of
electromagnetic techniques in the further exploration of an
economically important mining region. For the purpose of
obtaining a better understanding of the electrical properties
of these surficial deposits, we made resistivity measure-
ments of the different overburden components. These mea-
surements were carried out both in-situ, and in the labora-
tory. The purpose of these measurements was to
characterize the “‘typical’ resistivities and the frequency
dependence of resistivity, for the overburden components
(i.e., clay, silt, sand and till). The clays were given the most
attention in our work since they are the most conductive
overburden component and thus provide the greatest hin-
drance to useful electrical surveys.

The surface expression of the surficial deposits were well
mapped in the Abitibi clay belt by the Ontario Geological
Survey (Northern Ontario Engineering Geology Terrain
Study). The vertical electrical section of the overburden can
be quite complicated. The glaciolacustrine clays, silts, and
sands of the Abitibi clay belt were deposited in proglacial
Lake Barlow-QOjibway. On the glaciolacustrine plain, the
overburden consists of horizontally stratified sand, silt, and
clay layers. The clay and silt layers are commonly varved,
showing a seasonal deposition pattern. In the northern part
of the region around Cochrane, the clays are covered by a
clayey to silty till acquired during a local readvance of an ice
lobe. The varved clays in other areas may be masked by
sand plains from outwash deposits or derived from eskers. In
some areas, the clays lie in pockets or channels between
bedrock outcrops.

The esker ridges composed principally of sands and grav-
els can extend through the complete vertical section of
lacustrine plain and may have, at their margins, clay and silt
lenses interfingering with the sands and gravels of the
eskers.

The depth to bedrock and the thickness of the clay layers
within the overburden are quite variable. A reverse circula-
tion drilling program carried out by the Ontario Geological
Survey (Averill and Thompson, 1981) in an area south of
Kirkland Lake, where there are numerous bedrock out-
crops, found a maximum overburden thickness of 73 m. The
overburden stratigraphy is also quite variable. A typical
section, observed in one hole was: 0-11 m clay. 11-14 m silt,
14-62 m clay, 62-67 m silt, >67 m bedrock. In the Timmins
area, a seismic survey (Killeen and Hobson, 1974) showed
that bedrock topography buried beneath the clay cover is
quite rugged with variations of 40 m in | km (with an average
overburden thickness of 30 m). Thus, it cannot be assumed
that the clay forms a uniform layer. In fact, it can be quite
variable in thickness. A clay layer thickness of 30 m was
shown to be typical, from drilling results and exposures. for
areas of glaciolacustrine plain in the Abitibi clay belt.



